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ABSTRACT
High-quality, single-crystal-like Cu2O thin films of various thicknesses (10 nm–45 nm) were prepared at a low temperature (150 ○C) by
controlling layer-by-layer oxidation of wafer-scale Cu thin films sputtered along the (111) direction using a pure single-crystal Cu target. The
cross-sectional images of the thin films reveal high crystallinity of Cu2O layers except for 60○ twinning in the sequential stacking order as
evidenced by high-resolution transmission electron microscopy, which is consistent with the absence of the photoluminescence (PL) signals
arising from atomic-scale vacancies. The optical properties of our Cu2O films were investigated using temperature-dependent PL and Raman
spectroscopy. All of the Cu2O thin films exhibit characteristic band-to-band transitions together with the series of yellow excitonic transitions
slightly below the fundamental bandgap. The spectral locations for the PL are approximately consistent with those for the bulk counterpart.
The excellent optical quality of our Cu2O was further demonstrated by significantly reduced quasi-direct transition that occurs at symmetry-
breaking crystal imperfection, which relaxes the stringent momentum conservation rule. We identified the three main Raman scattering
modes of the Cu2O thin films, where the two forbidden modes of Γ(1)15 and Γ−12 + Γ−25 are resonantly allowed by the proximity of the incident
photon energy to the green bandgap. We believe that our synthesis technique can be utilized for the preparation of single-crystal-like metal
oxide thin films at low production temperatures with precise thickness control for the development of novel optoelectronic devices and for
the exploration of the nanoscale light-matter interaction as well.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5087114
Metal oxides are one of the most abundant materials as they are
typically more stable than their metallic counterparts. These mate-
rials are especially attractive when prepared into single-crystalline
thin films with a sizable bandgap from the perspective of various
applications involving photovoltaic, catalytic, optical, electric, and
magnetic effects.1–4 Therefore, it is of utmost importance to study
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fundamental oxidation mechanisms and to establish the repro-
ducible synthesis route for the mass production of high-quality oxide
thin films on wafer scale. Among others, cuprous oxide (Cu2O)
is a non-toxic classical semiconductor that has been synthesized
by various methods such as thermal oxidation, chemical oxidation,
electro-deposition, reactive sputtering, activated reactive evapora-
tion, rapid liquid dehydration and precipitation, filtered cathodic
vacuum arc deposition, etc.5–8 Unfortunately, however, most of
these approaches rendered Cu2O thin films with significant amounts
of defects and grains, thereby limiting their basic characterizations
within structural and transport levels, especially because the sub-
tle optical properties of this unique semiconductor are not likely
retained in low-quality specimens.
Historically, Cu2O has been famous for the “forbidden-gap
nature” that couples to its unusual crystal structure. As a conse-
quence, both the lowest conduction band (Γ+6 ) built from Cu 4s levels
and the highest valence band (Γ+7 ) from Cu 3d levels have positive
parity at the zone center, causing a yellow (Γ+6 ⊗ Γ+7 ) series with
dipole-forbidden bandgap of 2.173 eV. More specifically, the yel-
low series has been at the core of fundamental exciton physics for
studying long-lived excitonic matter and their relaxation dynam-
ics with a special emphasis on excitonic Bose-Einstein conden-
sation (BEC).9–11 However, BEC in three-dimensional (3D) bulk
Cu2O has been elusive,12,13 even in the natural-growth crystal of
extremely high optical quality.14 Considering that excitonic BEC
has been typically observed from two-dimensional microcavity sys-
tems,15 the key to the success may lie in the synthesis of high-quality
Cu2O thin films.16–20 On the other hand, in view of device appli-
cations, high-quality Cu2O thin films must be assured for instance
to be used as an active hole transport layer in Cu2O-based solar
cells, whose theoretical limit can reach as high as 20%. However,
to the best of our knowledge, ultra-thin Cu2O films of such qual-
ity close to a single-crystal level have not been realized to this
date.21,22
The structural and optical properties of deposited Cu2O films
strongly depend on the fabrication method together with the selec-
tion of proper substrates.23 For example, MgO substrates are typ-
ically used for fabricating epitaxial Cu2O thin films.24–26 Using
radio-frequency (RF) magnetron sputtering, epitaxial Cu2O thin
films were synthesized on epitaxial ZnO (0001) substrates produced
by molecular beam epitaxy (MBE).27 However, critical issues still
remain unresolved such as the oxygen partial pressure, high growth
temperatures, and serious lattice mismatch. Alternatively, one can
simply employ thermal oxidation for forming Cu2O films by heating
copper sheets, which does not require any substrate. Obviously, in
this case, the quality of the as-obtained Cu2O film is essentially deter-
mined by that of the starting Cu film. However, the lattice parameter
of Cu2O is 1.65 times larger than that of Cu, and therefore, lattice
distortion or grain formation during the oxidation process seems
inevitable.28,29 Nevertheless, minimized effects of strain must be
assured for the fabrication of the oxide thin films having near perfect
crystallinity.
Here, we report on the low-temperature synthesis of wafer-
scale Cu2O thin films with thickness control in the range from 10 nm
to 45 nm using phase-pure single-crystal Cu thin films obtained by
a modified RF sputtering system.30 The high quality of our Cu2O
thin films was directly confirmed by employing the series of micro-
scopic and spectroscopic characterization tools. The basic strategy
of our approach is to start with highly phase-pure Cu films aligned
perfectly along the (111) direction30,31 and to control oxidation of
the Cu layer in a thermal chamber at a low temperature of 150 ○C
under near ambient pressure. The atomic-scale images show high
crystallinity of our Cu2O thin films.30 Most intriguingly, the pho-
toluminescence (PL) spectroscopy under UV illumination indicates
highly suppressed quasi-direct transition at 3.211 eV, which typi-
cally appears from polycrystalline films and low-quality bulk crys-
tals.31 This observation implies the optical quality of our samples,
which could be on par with natural-growth crystals especially in
terms of the absence of the PL response arising from atomic-scale
Cu and/or O vacancies. We believe that our technique can be read-
ily generalized to obtain high-quality oxide films of wafer scale as
long as phase-pure starting metal films are available by sputter-
ing a single-crystal metal target. The processes below are optimum
conditions about low temperature fabrication of ultra-thin Cu2O
thin film.
Fabrication of single-crystal Cu (111) thin films. A 2-
inch-diameter single-crystal Cu target was prepared from the
Czochralski-grown Cu single-crystal ingot. Single-crystal Cu thin
films were deposited on sapphire substrates (0001) using a radio-
frequency sputtering system. During the sputtering process, the ini-
tial pressure was kept at ∼1.7 × 10−5 torr. The working pressure was∼5.3 × 10−3 torr under Ar environment and the applied RF power
was approximately 40 W.
Thermal oxidation (Cu→Cu2O). The thickness of the starting
copper film works as a control parameter to determine the thickness
(d) of the resulting Cu2O film. The oxidation of the Cu thin films was
achieved by thermal treatment in a thermal furnace. The pressure of
the furnace was about 1 atm while temperature was maintained at
150 ○C. The typical size of the film specimens was about 10 mm× 10 mm obtained by cutting the 2-in Cu films prepared by RF
sputtering.
We performed optical spectroscopic analysis of ultra-thin high
quality Cu2O thin film through various optical measurement such as
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), atomic force microscopy
(AFM), high-resolution transmission electron microscopy (HR-
TEM), low-temperature PL, and Raman spectroscopy. Details of
measurement conditions of all optical measurement are shown in
the supplementary material.
Figure 1(a) shows the θ − 2θ XRD spectra of Cu2O films with
d = 15 nm (black), 25 nm (red), and 35 nm (blue), respectively. The
peak at 2θ = 41.661○ arises from the Al2O3 (001) substrate used for
the fabrication of the Cu film, and the peak at 36.442○ is assigned
to Cu2O (111). The inset of Fig. 1(a) shows the strain-induced peak
shift associated with the three different d values of the Cu2O films
in the 2θ range from 35○ to 38○. The shift of the peak position sug-
gests that the strain effect varies depending on the thickness of the
Cu2O film. While the peak position of the film with d = 35 nm
was observed at the same position as the reference of bulk Cu2O
(Fig. S1), those of the 15- and 25-nm-thick film appear at slightly
higher 2θ values. This implies that the built-in stress induced from
the substrate is relaxed with increasing thickness and disappears
at around 35 nm. Figure 1(b) shows the φ scan of the Cu2O film
(d = 25 nm) exhibiting six-fold symmetry, which indicates that the
Cu2O film is epitaxially well grown with high crystallinity and there
are no other orientations. The φ scan of Cu2O oriented along the
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FIG. 1. (a) θ − 2θ scan of Cu2O films with three different thicknesses (d = 15 nm, 25 nm, and 35 nm) obtained using a synchrotron radiation source (λ = 0.15 nm). The inset is
the blow-up to show the peak shift upon thickness change. (b)φ scan and (c) XPS spectra of the Cu2O film (d = 25 nm) before and after etching. The inset in (c) represents
XPS spectra of a Cu thin film before and after etching. (d) Representative photos of our Cu2O films showing different levels of transparency for the three thicknesses. (e)
SEM image and (f) AFM image of the Cu2O film (d = 25 nm).
(111) direction actually should exhibit three-fold symmetry because
it has a cubic structure. However, six-fold symmetry is caused by
epitaxial twins having three-fold symmetry, but rotated by 60○ each,
as the Cu film used in this study has epitaxial twins rotated exactly
by 60○ in the epitaxial plane.29 Similar φ scans were obtained from
other samples.
Figure 1(c) shows the XPS results obtained from the Cu2O film
before and after etching, clearly indicating that the surface of the
Cu2O film (lower curve) is covered by CuO (upper curve). This
implies that the Cu film completely turned to Cu2O after thermal
treatment, but the surface of Cu2O is covered by a native CuO
layer within ∼2 or 3 nm, as CuO is more stable at the ambient.33
For comparison, the inset shows those of a Cu thin film. It is evi-
dent that the as-prepared Cu film at the ambient has oxide lay-
ers, which can be completely removed with etching. Figure 1(d)
shows the visual colors of our Cu2O films. The high-quality Cu2O
films appear transparent yellow (not red as for the bulk counter-
part) and become darker yellow as the thickness increases. We con-
firmed that low-quality Cu2O films exhibit opaque reddish color,
which were obtained by oxidizing low-quality starting materials (Cu
films). The yellow transparent color therefore only appears from
high-quality Cu2O films. Figures 1(e) and 1(f) show representa-
tive SEM and AFM images of the Cu2O film, respectively. Both
SEM and AFM images indicate that the Cu2O film have a smooth
and uniform surface with a root-mean-square (RMS) roughness
of 2.728 nm.
Figure 2(a) shows the cross-sectional TEM image of our Cu2O
film. Although the original Cu film seemed to be transformed to
Cu2O completely, the film is indeed composed of CuO, CuOx, and
Cu2O layers. The CuO layer is ∼4 nm, which was 2 nm–3 nm as a
natural oxide layer on the surface of the Cu thin film before oxida-
tion. Just below the CuO layer, the CuOx layer was formed as an
FIG. 2. (a) TEM image showing the for-
mation of three layers of CuO, CuOx,
and Cu2O upon oxidation. (b) Pure Cu2O
region. The inset in (b) shows FFT pat-
tern of the yellow square. (c) Processed
image from the FFT pattern of (b). The
inset in (c) shows projection of a three-
dimensional image using a crystallo-
graphic model. The yellow line indicates
the projection of the (111) plane of Cu2O.
APL Mater. 7, 031115 (2019); doi: 10.1063/1.5087114 7, 031115-3
© Author(s) 2019
APL Materials ARTICLE scitation.org/journal/apm
interface layer between CuO and Cu2O with a thickness of ∼4 nm.
The three insets in Fig. 2(a) correspond to the fast Fourier trans-
form (FFT) patterns of each selected square area. Compared with
two other regions, the FFT pattern of the Cu2O phase shows much
better crystallinity. To confirm the well-aligned Cu2O crystalline
phase, an additional TEM image was taken at the center of the Cu2O
layer as shown in Fig. 2(b), where the black/white contrast in the
image was caused by focused ion beam milling for TEM. The FFT
pattern of the selected square region is shown in the inset. The
TEM image and its FFT pattern show excellent crystallinity of Cu2O.
Figure 2(c) is the processed image from the FFT pattern of Fig. 2(b).
For the better visualization of the crystal structure, a projection of a
three-dimensional (3D) image was added in the inset, where the
plane by spheres of sky blue for Cu atoms are shifted down by 1/2
from the plane by the spheres of deep blue for Cu atoms. The red
spheres stand for oxygen atoms. The white box is a projection of the
unit cell for the comparison of that in the inset, and the yellow line
indicates the projection of the (111) plane. The TEM images unam-
biguously show that the Cu2O layer was well grown along the [111]
direction.
Figure 3(a) schematically illustrates the band structure of Cu2O
near the zone center with possible optical transitions indicated. The
FIG. 3. (a) Schematic band structure of Cu2O across Γ and M points with major optical transitions specified. (b) PL spectra at 10 K from Cu2O thin films (d = 35 nm).
The spectral location for each optical transition is indicated. (c) Temperature-PL mapping of Cu2O thin films in the range from 10 to 300 K with specific film thickness of
15, 25, 35, and 45 nm, respectively. The spectral locations of E0A and E0B for the bulk case are marked by the dashed lines at 2.173 eV and 2.304 eV, respectively. (d)
Thickness-dependence of E0A (orange dots) and E0B (green dots) of Cu2O, determined by averaging the values below 100 K. (e) PL spectra at 10 K in the vicinity of yellow
and green transitions observed from Cu2O thin films with d = 10, 20, 30, and 40 nm.
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transition across the fundamental bandgap is the yellow transition
(E0A) that involves the highest valence band (Γ+8 ) and the lowest
conduction band (Γ+6 ), being separated by ∼2.173 eV at 4 K.34 The
green transition (E0B) occurs between the Γ+6 band and the second
highest valence band (Γ+7 ), which is split from the +Γ8 band by spin-
orbit coupling.35 Direct transition across the yellow or the green gap
is dipole forbidden as it occurs between the bands with same par-
ity. In contrast, the blue (E0C) and the indigo (E0D) transitions are
dipole allowed as they involve the second lowest conduction band
(Γ−8 ) having opposite parity. Although the dipole-allowed transitions
are more efficient, the yellow and the green transitions indeed dic-
tate the PL response through indirect phonon-assisted transitions.
All of the four transitions (E0A, E0B, E0C, and E0D) were observed
from our samples in the PL measurements as indicated in Fig. 3(b).
On the other hand, the additional features above 3.0 eV arise from
the quasi-direct transition and its two-phonon side band (EP and
2TO-EP). Considering that direct no-phonon transition is essen-
tially a vertical process, it is rather surprising that EP is observed as
this involves the conduction band at the M point and the valence
band at the Γ point. However, this transition was even observed
in a natural-growth sample,32 which was attributed to imperfec-
tion of the crystal or grain boundaries where symmetry-breaking
effects relax momentum conservation for the process. Therefore,
this transition can be used as an “internal indicator” for the crystal
quality of Cu2O. In our high-quality thin films, the most probable
source for grain boundaries is 60○ symmetric rotation of a grain
to neighboring grains. In fact, we emphasize that our Cu2O films
are much higher quality compared with other polycrystalline films
routinely obtained by oxidizing poor starting materials that actu-
ally show much stronger EP (3.211 eV); see, for example, Fig. 4
of Ref. 32.
The energy splitting between EP and 2TO-EP is approximately
0.158 eV and close to twice the energy for the infrared-allowed trans-
verse optical (TO) phonon with the value of 78.5 meV (Fig. S5).36
The absence of the one-phonon peak is due to the centrosym-
metric nature of Cu2O, where single-phonon emission flips the
parity. There are two possible origins for this two-phonon tran-
sition (3.053 eV). It may simply correspond to the two-phonon
overtone with the two phonons having opposite momenta, caus-
ing the transition within the M point. If this is the case, 2TO-EP
should be weaker than EP because the indirect photon transition is
a higher order process compared with the direct no-phonon tran-
sition: This trend was indeed observed from typical Cu2O thin
films of nominal quality.32 Alternatively, the two-phonon transi-
tion can occur between the zone boundary and the center (M-
Γ) as momentum mismatch can be carried by successive emis-
sion of two TO phonons with the same momenta toward the Γ
point, which is a horizontal process. Since the phonon line (2TO-
EP) is noticeably stronger than the direct line (EP) in our Cu2O
thin films, the latter process seems to be more important in our
case, which in turn implies high crystallinity of our thin films,
as the horizontal process does not need any extrinsic symmetry
breaking (Fig. S2).
Generally, optical transitions at the vacancy sites are more
frequent at low temperatures since Coulomb attraction of carri-
ers and/or excitons by ambient atomic-scale defects is stronger
at lower temperatures. Even in natural-growth Cu2O single crys-
tals, such transitions are typically observed at 1.3, 1.5, and 1.7 eV,
which arise from radiative recombination at copper vacancies (VCu),
singly charged oxygen vacancies (V1+O ), and doubly charged oxygen
vacancies (V2+O ), respectively.32,37,38 However, our Cu2O thin films
showed no clear vacancy peaks at a sufficiently low temperature of
10 K (Fig. S2). We could also find the clear interband transition of
our Cu2O thin film even at the thinnest film of 10 nm as shown in
Fig. S4.
Figure 3(c) shows 2D mappings of the PL spectra of Cu2O (150○C) vs. temperature (10 K–300 K) for four different thicknesses (d
= 15, 25, 35, and 45 nm). Both E0A and E0B transitions are reason-
ably well identified for all of our samples, where the two dashed lines
correspond to the bulk values of 2.173 eV and 2.304 eV, respectively.
For the case of thinner films (d ≤ 15 nm), however, the characteristic
PL features diminish below 100 K presumably because of instability
of the Cu2O phase induced by partial transformation into the inter-
mediate CuOx phase. This effect is supposed to be less important
for thicker samples. In general, the 2TO-EP transition (3.053 eV)
plummets with decreasing temperature as the thermal population
of high-energy TO phonons steeply drops at lower temperatures.
Interestingly, however, it was found that this transition can revive
even at very low temperatures whenever the main band-edge tran-
sitions become weaker; see, for example, d = 15 nm (10 K < T <
100 K), d = 25 nm (10 K < T < 50 K), or d = 35 nm (T ∼ 10 K).
This anomaly may arise from unusual lattice expansion and phase
transition behaviors of Cu2O,29,36 which needs more investigations
for understanding the exact mechanism. Both E0A and E0B transi-
tions become more articulate with increasing thickness. We believe
that the thickest film (d = 45 nm) is especially in high quality based
on intense yellow transitions at low temperatures with almost no PL
response relevant to quasi-direct transition and its two-phonon line
(Fig. S3).
Figure 3(d) shows the spectral locations for E0A and E0B, deter-
mined from our films. Significant overlap of the yellow and the green
PL bands causes a rather large uncertainty in the precise locations
for the transitions. The spectroscopically determined energy sepa-
ration between E0A and E0B of our thin films corresponds to spin-
orbit splitting energy between the two valence bands of Γ+7 and Γ+8 ,
which is around 0.14 ± 0.01 eV. This value is similar to the value
of 0.131 eV in the bulk. The spectral locations for the two peaks
seem to persist within the experimental error-bar range independent
of the thickness for the films. Figure 3(e) shows the PL spectra in
the vicinity of the yellow and green transitions observed from the
Cu2O thin films (d = 10, 20, 30, and 40 nm). Despite the above-
mentioned PL band overlap, the PL features below the yellow gap
clearly indicate the case for excitonic emission (1s-E0A), consist-
ing of not only direct transition but also several phonon replicas.
As the thickness of the film increases, the green transitions gradu-
ally become dominant, rendering the yellow PL peaks relatively less
pronounced.
Figure 4(a) shows Raman spectra of our Cu2O thin films
obtained by using 532 nm excitation that were fit by the three
Lorentzian peaks. The observed Raman signals are identified as fol-
lows: The orange spectral area indicates the infrared active phonon
mode of Cu2O Γ(1)15 (149 cm−1); the green spectral area is the two-
phonon combination mode of Γ−12 and Γ−25 (198 cm−1); the blue
spectral area is the second-order overtone of the main Raman sig-
nal of 2Γ−12 (218 cm−1). In principle, only the latter mode should
be active according to the parity selection rules.36,39,40 The 2Γ−12
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FIG. 4. (a) Series of the Raman spectra of Cu2O thin films with the controlled thickness in the range from 10 nm to 45 nm as represented by the coloured symbols. Each
spectrum was fitted to identify the associated phonon modes of Γ(1)15 (149 cm−1), Γ−12 + Γ−25 (198.6 cm−1), and 2Γ−12 (218 cm−1), as marked by the red, green, and blue
color-filled traces with Lorentzian shape, respectively. Thickness-dependent mode frequencies and FWHM of (b) Γ(1)15 , (c) Γ−12 + Γ−25, and (d) 2Γ−12, respectively. The dashed
line in each plot indicates the experimental values for the transverse and longitudinal optical phonon modes adopted from Ref. 40.
mode does not show any significant changes with thickness, and its
value is close to the reported one in a single-crystal, as indicated
by the blue dashed line in Fig. 4(b). We did not observe any clear
Raman signal from the thinnest Cu2O (d = 10 nm) as the active
thickness of the Cu2O layer is just ∼3 nm–4 nm according to the
TEM data in Fig. 2(a). Figure 4(b) also shows the full width at the
half maximum (FWHM) of the 2Γ−12 mode (open circle) as a func-
tion of d, indicating improved crystallinity for thicker films up to
45 nm. A similar trend was observed from the other modes. In fact,
the infrared active Γ(1)15 has two closely located TO (18.8 meV) and
one LO (19.1 meV) modes as indicated by the two dashed lines in
Fig. 4(c).41 Although this peak is not predicted to occur according
to the selection rules, it seems to arise from the Raman resonance
effect as the excitation line is close enough to the green bandgap.42
Therefore, it is not surprising to also observe the forbidden Γ−12 + Γ−25
mode throughout our samples because of the same reason. In fact,
similar effects were typically observed from high-quality natural-
growth crystals when the incident photon energy is resonant with
the yellow exciton series.43–46 The experimental Raman frequen-
cies in Figs. 4(b)–4(d) were obtained by three Lorentzian fitting
in Fig. 4(a) and show a good agreement with the previous results
(dashed lines).
We have synthesized high-quality thin films of single-
crystalline Cu2O with thickness control (10 nm–45 nm) by layer-
by-layer oxidation of highly phase-pure Cu films sputtered on the
sapphire substrates at a relatively low temperature (150 ○C) under
near ambient pressure. The structural properties of these films were
directly assessed by XRD, XPS, SEM, AFM and high-resolution
TEM, which all revealed high crystallinity of Cu2O oriented along
the (111) direction with in-plane grains most likely arising from 60○
epitaxial twins. We examined the thickness-dependent optical prop-
erties of our thin films based on both PL and Raman spectroscopy,
which indicate gradual evolution of the characteristic peaks towards
those of the bulk counterpart with increasing thickness. We empha-
size that previous investigations of the epitaxial Cu2O thin films were
rather restricted to structural and transport measurements because
of relatively poor film qualities for precision optical characterization.
In a sharp contrast, all of our films exhibited four major band-to-
band transitions together with excitonic response, which manifest
themselves more intensely as the temperature was reduced. Consid-
ering that even high-quality natural-growth Cu2O crystals typically
exhibit strong optical transition arising from atomic-scale Cu and/or
O vacancies, the absence of these defect transitions clearly indicates
the exceptional quality of our epitaxial Cu2O thin films. This was
also further demonstrated by highly suppressed quasi-direct transi-
tion EP, when compared with other synthetic Cu2O films, which is
an internal indicator for the crystal quality. Typical Raman modes
of a bulk Cu2O were also observed from our Cu2O thin films that
undergo measureable shift upon thickness control. The appearance
of the two forbidden modes can be attributed to a resonance effect,
which is not relevant to any extrinsic symmetry-breaking effect of
low crystallinity. We believe that our unique synthesis approach
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can be further optimized for producing even better qualities of
thin Cu2O films that can be used for studying various excitonic
matter in the 2D landscape. This may include quadrupole polari-
tions and their condensation when prepared within the microcavity
environment.
See supplementary material for details of the proposed XRD,
temperature dependent PL, Raman spectroscopy, and analysis of the
experimental results of Cu2O thin film. Additional information of
measurement methods of XRD, XPS, SEM, AFM, HRTEM, PL, and
Raman spectroscopy is included.
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